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Subjects maintained their eyes crossed (verged) for a period of 8 min in darkness with monitoring 
provided by an infrared video system. Changes in resting vergence (RV) and resting focus (RF) were 
examined. Results showed: (i) visual stimulation was not necessary for adaptation of either RV or RF, 
but (ii) these purely motor effects were significantly smaller and more dissipative than those 
attributable to visually driven adaptation, and (iii) voluntary vergence amplitude was negatively 
correlated with pupil size. Assuming that voluntary vergence is driven by accommodation, then the 
voluntary signal must enter the oculomotor control system prior to the cross finks between channels, 
but beyond the site of the visually driven adaptive elements. 
Resting focus Resting vergence Voluntary accommodation Adaptive control system Pupil size 
Both disparity-vergence and blur-accommodation sys- 
tems are characterized by intermediate r sting levels 
(Leibowitz & Owens, 1978; Owens & Leibowitz, 1983) 
such that in the absence of appropriate visual stimu- 
lation the focusing and vergence mechanisms generally 
rest somewhere between the extreme points in their 
respective ranges. These systems also manifest the capa- 
bility of adaptively altering their respective resting levels 
(e.g. Ebenholtz, 1983; Ebenholtz & Fisher, 1982; Owens 
& Leibowitz, 1983; Schor, Johnson & Post, 1984) in 
response to sustained vergence and accommodation 
respectively. Accordingly, they appear to behave as 
instances of a class of self-adaptive negative feedback 
control systems (Milhorn, 1966) that adjust their own 
parameters so as to reduce the magnitude of error- 
correcting signals flowing over the loop. Since the adjust- 
ments stay in place until a new error correction is 
required, these systems exhibit he property of adaptive 
plasticity (Barlow & Gaze, 1977). 
Shown in Fig. 1 is a control system diagram represent- 
ing the mechanisms thought o underlie the adaptive 
nature of convergence and accommodation, and their 
interactions (Krishnan & Stark, 1977; Ebenholtz & 
Fisher, 1982; Rosenfield & Gilmartin, 1988a). The el- 
ements labeled tonus control represent the components 
responsible for changing the tonic or resting levels of the 
two systems after sampling the error-correcting signal 
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emanating from the controllers (C c and CA). The ulti- 
mate function of the output from the tonus control 
mechanism is to reduce the magnitude and rate of 
error-correcting signals used to drive convergence and 
accommodation. I  this symbiotic relationship, as the 
adaptive tonic controller increases its activity, error- 
correcting signals diminish, which in turn reduces the 
need for further adaptation. In these systems teady 
states of accommodation a d vergence are governed by 
the feed-forward tonic controller ather than the rapid 
error-correcting negative feedback loops, which are 
thereby relieved of the need for continual control. The 
functional value of this arrangement may be seen in the 
reduction of steady-state errors such as fixation disparity 
(Schor, 1980) and accommodative lag(Schor, Kotulak & 
Tsuetaki, 1986) with sustained fixation. 
The major question addressed in the present study 
concerns the nature of the stimulation ecessary for the 
vergence and accommodative systems to exhibit their 
adaptive plasticity. The class of control system models 
instantiated in Fig. 1 presumes the necessity for a visual 
error signal to serve, in effect, as the updating vehicle for 
the feed forward signal from the adaptive lement. It is 
interesting to note, therefore, that in the case of the 
vestibulo-ocular reflex (VOR) evidence has been pro- 
vided (Melvill Jones, Berthoz & Segal, 1984) that visual 
updating in the form of a retinal slip signal was not in 
fact necessary. Rather, it was found that an extended 
period of voluntary suppression of the VOR in darkness 
could itself lead to significant reductions in VOR gain. 
The question underlying the present research iswhether 
voluntary vergence-and-accommodation can stimulate 
the adaptive controllers in the absence of visual error 
signals. 
2773 
2774 SHELDON M. EBENHOLTZ and KARL CITEK 
Desired ~ I L-~ 
lens p o w e r ~  
for sharp ~ ~ ~. 
focus 
I opel 
Desired 
vergence . . ~ ~ ( ~  
for zero ~ -I ~1  - 
disparity I - - I  
uru°~l / Actual 
lens power 
or focus 
race 
Actual 
vergence 
or  
disparity 
US 
) 
FIGURE I. Control system model of the interrelationships between 
convergence (C) and accommodation (A). Controller (C) labeled 
"tonus control" is the presumed site of adaptation, whereas CA and Cc 
represent he fast or phasic controllers for focusing and verging 
respectively. The influence of convergence and accommodation 
distance perception isrepresented in the distance operator (Ebenholtz, 
1981; Ebenholtz & Fisher, 1982; Fisher & Ciuffreda, 1989), and mutual 
interactions or cross-links are shown as accommodative-convergence 
(A-C) and convergence-accommodation (C-A). 
Experiments 1and 2 examine the effects of voluntary 
vergence on the vergence resting level while Expts 3 and 
3a tested for effects on the resting level of accommo- 
dation. 
MATERIALS AND METHODS 
Subjects 
Six subjects who could voluntarily cross their eyes 
were recruited for Expt 1. All wore corrective lenses 
to provide Snellen acuities of 6/6. Ages ranged from 
28 to 59, and none had any history of oculomotor 
problems. Two subjects, the authors, were sophisticated, 
four were naive to the purposes of the study. Two 
additional volunteers were dropped from the study, one 
for failing to complete all conditions and one who 
reported having had strabismus surgery as a young child. 
In all experiments, informed consent was received after 
an explanation was provided. All subjects were students 
at the College of Optometry and were paid for partici- 
pating. 
One subject from the first study and four new subjects 
who could voluntarily converge took part in Expts 2 and 
3. The five subjects ranged in age from 23 to 29 and were 
corrected to 6/6 visual acuity by spectacles or contact 
lenses. Four additional subjects who took part only in 
portions of Expts 2 and 3 were dropped from the study. 
One was presbyopic and hence unlikely to exhibit adap- 
tation of accommodation, another had received vision 
therapy for convergence insufficiency, and two failed to 
complete all conditions. 
An independent set of eight subjects, drawn from the 
same subject population as previously described, was 
utilized in Expt 3a. 
Experimental design 
All experiments were based on repeated measurements 
designs; Expt 3a represented a mixed model. 
Experiment I. All subjects took part in four exper- 
imental sessions conducted on separate days. The first 
session entailed adaptation to a pair of 12A base-out 
prisms, totalling 24A base-out. In alternating order in 
sessions 2 and 3, subjects maintained high levels of 
voluntary vergence, in darkness in one session and in a 
lighted hallway in the remaining session. A control 
condition in which subjects maintained their eyes closed 
in darkness constituted the fourth session. All exposure 
periods lasted 8 min. 
At the beginning, and again immediately after each 
session, the resting vergence (RV) was measured, as 
described below. Post-exposure measurements also were 
taken after 8 and 16 min in darkness. 
Experiment 2. Resting vergence was measured before 
and after an 8min period of voluntary vergence 
in darkness, and before and after an equal period 
of exposure to 24A base-out prisms, as in Expt 1, with 
the order counterbalanced over subjects. This consti- 
tuted a replication of two conditions of the first 
experiment. Eight minutes of sustained monocular ac- 
commodative convergence on a near-point target consti- 
tuted the third condition, run after the first two were 
completed. 
Experiment 3. This study measured the effects of 
voluntary vergence on the resting focus (RF) of accom- 
modation. Subjects alternated between a condition of 
voluntary vergence in darkness and monocular viewing 
in a hallway through a - 6.0 D lens. Monocular accom- 
modation sustained at the near point for 8 min was the 
third condition, run after the others were completed. 
Before and after each condition RF was measured with 
a laser optometer, providing an indication of the effects 
of these conditions on the accommodative r sting level. 
Additional measures were taken after 8, 16, and 24 min 
in darkness. 
Within several months of Expt 3, four of the original 
five participants replicated the voluntary vergence por- 
tion of that study. 
Experiment 3a. This study constituted an independent 
test of the effects of voluntary vergence on the resting 
level of accommodation. On separate sessions all 
subjects alternated in counterbalanced order between 
8 min of sustained monocular focusing at the near point 
and 8 min of voluntary vergence in darkness, as de- 
scribed below. The resting focus was measured with a 
laser optometer before, immediately after each con- 
dition, and after 8, 16, and 24 min in darkness. The 
purpose of Expt 3a was to examine the relationship 
between adaptive capability defined with respect to 
a sustained focusing task and changes in RF after 
voluntary vergence. Accordingly, subjects were divided 
into high and low adaptors on the sustained focus 
task according to whether or not they exhibited a 
near shift in the RF on all four post-exposure 
measures. 
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FIGURE 2. The pattern of LED used in the Vergamatic based on 
vernier judgments of the yellow and green LEDs. 
Apparatus and procedure 
Voluntary vergence. In Expt 1, voluntary vergence in 
the light was monitored by the experimenter as the 
subject walked through a long corridor for an 8 min 
period. In the darkness condition, vergence was moni- 
tored by viewing the subject via an infrared video 
system. Subjects were encouraged, intermittently, to 
maintain high levels of vergence. In the subsequent 
voluntary vergence conditions of Expts 2, 3, and 3a, in 
addition to video monito:dng, an infrared video film was 
taken of the ocular posture throughout the 8 min period. 
Using a frame grabber board and video analysis oft- 
ware (Jandel Scientific) installed in an 80386 computer 
(Dell), one frame at the end of each minute was sub- 
sequently analyzed both for changes in interpupillary 
distance (IPD) and pupillary diameter. 
Estimates of convergence angle from the video 
measures were based on the difference between interocu- 
lar axis (IOA) (see Resting vergence below) and IPD, 
and on the premise that the ocular center of rotation for 
horizontal movements was 11.68 mm behind the pupil 
plane (Fry & Hill, 1962; Ebenholtz & Shebilske, 1975). 
Since the IOA represents, the separation between visual 
axes which, in the pupil plane, generally are somewhat 
nasal relative to the pupil centers, the present method 
underestimates the vergence angle by about twice the 
angle x, which may total as much as 9 A (von Noorden, 
1990). 
Resting vergence. The "Vergamatic" (S. Spadafore, 
Lancaster, Pa) was used to obtain measures of resting 
vergence in the absence of stimuli either to disparity- 
vergence or to accommodation. A column of three green 
LEDs visible only to the left eye was flashed for 30 msec, 
simultaneously with one of 128 yellow LEDs visible only 
to the right eye, as represented in Fig. 2. Subjects were 
told to look straight ahead in darkness and to signal 
their judgment of whether the yellow LED was to the left 
or right of the green column by pressing an appropriate 
button. The small red fixation LED provided on the 
Vergamatic was not used. A modified binary search 
procedure (Tyrrell & Owens, 1988) terminated within 
about 1.5 min, and a computer program calculated the 
vergence associated with the selected LED. The display 
was placed at 114.6 cm and each LED projected a visual 
angle of 0.13 deg (width) x 0.25 deg (height). 
Calculation of the angle of convergence was based 
on individual measurement of each subject's IOA 
defined as the separation between the visual axes when 
the latter are parallel. For this purpose a corneal reflec- 
tion pupillometer (Essilor) was used in which a lighted 
target set at optical infinity was fixated while the exper- 
imenter aligned crosshairs with the first Purkinje images. 
The separation of the crosshairs provided the IOA in 
mm. 
Resting focus. The resting level of accommodation was 
measured with a computerized laser optometer patterned 
after Hennessy and Leibowitz (1972). The present de- 
sign, represented in Fig. 3, incorporated Badal optics on 
both the laser-optometer and target channels. Com- 
puter-driven electronic stages provided precise and accu- 
rate control of accommodative d mand and conjugate 
points. Step size was set at 0.125 D for both channels. 
Relay lenses on both channels produced aerial images of 
the speckle pattern and the accommodative stimulus, 
resulting in measurement and stimulus ranges of - 15 to 
+ 10 D. The resting focus was measured by bracketing 
the plane of stationarity (Charman, 1974) and required 
about 1.5 min to complete. 
Subjects were instructed to look straight ahead in 
complete darkness and to signal the upward or down- 
ward direction of apparent movement of the speckle 
pattern which was exposed for 500 msec. After each 
response with a joystick controller, the drum was 
stepped automatically by one unit and an electronic 
shutter exposed the speckle again. After a reversal in 
speckle-movement direction was signaled, and the same 
response given two consecutive times, the stage reversed 
stepping direction until again a reversed response 
occurred and was repeated in two consecutive steps. The 
average of the second response associated with each 
reversal was taken as the measure of RF. 
Disparity-vergence adaptation. For this condition a 
pair of 12 a base-out prisms were worn over corrective 
lenses, as required. Subjects walked through a lighted 
hallway over a circuitous path for 8 min while reading 
signs and posters in their neighborhood. 
Adaptation of accommodation. I  Expt 3, in one 
condition, adaptation was stimulated by having subjects 
walk about a hallway for 8 min while viewing monocu- 
larly through a -6.0 D lens placed over their normal 
correction. This required a minimum of -6.0 D of 
accommodation to resolve even distant objects. There 
were relatively few high frequency targets, however, 
and hence this task was less demanding than that 
used in a second condition in Expt 3 and also in Expt 
3a, where subjects sustained 8min of clear focus on 
a high spatial frequency grid target placed at the 
near point of accommodation. The target was a grid 
pattern which when viewed through a 10.0 D Badal lens 
covered a square region 1.82 x 1.82 deg. Each line had 
a thickness of 0.008 deg with an interspace of 0.14deg. 
Target luminance was set at 75 cd/m 2. Subjects were 
instructed to monitor the pattern for clarity, to signal 
this condition by maintaining pressure on a button, 
and to release the button when the lines broke up or 
became blurry. By having a computer record button- 
press time, a total of 8 min of sustained clear vision was 
assured. 
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Measurement of accommodative near point (NP) and 
the ratio of accommodative convergence to accommo- 
dation (AC/A). In Expt 2 and Expts 3 and 3a, accommo- 
dat ion was maintained at NP  for 8 min. To determine 
NP the target was moved behind a 10.0D Badal 
lens toward the observer to the point of  blur and then 
moved away in 0 .125D steps until clear vision was 
restored and could be maintained for about  5 sec. The 
target was the same one used to induce adaptat ion of  the 
accommodat ive r sting level in Expts 3 and 3a and to 
maintain accommodat ive convergence in Expt 2. The 
AC/A  ratio was estimated by dissociating the retinal 
images of  a line of  small letters both laterally and 
vertically so that they were not fusible. A Risley prism 
was then used to adjust the lateral posit ion of  the images 
to apparent  vertical. The process was repeated at diop- 
tric distances of  1.5 and 2.5 D. The change in prism 
diopters needed to adjust to vertical per unit change in 
accommodat ive stimulus was used to estimate AC/A.  
This in turn was used to infer the magnitude of  accom- 
modat ive convergence during sustained focusing at the 
NP in Expt 3. 
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FIGURE 3. Laser optometer. The relay lens, at 2 focal lengths from the focal plane of the drum, shifted the image of the 
speckle pattern by 2 focal lengths from its principal plane so that the measurement range extended even beyond the full power 
of the Badal lens. Resting focus in D was given by -x  .f2 wherefis the power of the Badal lens and x is the distance in m 
between the image of the speckle pattern and the front focal point of the Badal lens. The eye was placed so as to have the 
first nodal point, 7 mm behind the cornea, coincide with the secondary focal point of the Badal lens. 
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F IGURE 4. Change in vergeno~ resting level as a function of post-task 
interval, Expt I. N = 6, vertical ines represent 1 SEM. *Significance 
of one-tailed t-test at P < 0.05. 
RESULTS 
Experiment 1
Figure 4 shows the changes in vergence resting level as 
measured with the Vergamatic under three vergence 
conditions and one control condition. The pre-exposure 
RV measure did not differ between conditions, 
F(3,15) = 1.21, P > 0.05, and averaged 4.71A (SE 0.176). 
Post minus pre-exposure difference scores were analyzed 
to determine whether the various exposure conditions 
produced systematic shifts in RV. A repeated measure- 
ments ANOVA (conditions x subjects) of the data at the 
first post-exposure test showed significant variation 
among conditions F(3,15)= 9.43, P <0.01, as did the 
results at 8min, F(3,15)= 6.66, P <0.01, and 16min, 
F(3,15) = 8.49, P < 0.01. Although the means shown in 
the disparity-vergence ondition of Fig. 4 were larger 
than those of any other condition, so too were the 
SEs. Hence heterogeneity of variance may have biased 
the ANOVA outcome. Accordingly, the Geisser- 
Greenhouse lower bound adjustment (Maxwell & De- 
laney, 1990) was applied to develop a conservative t st 
of the null hypothesis. This procedure simply entailed an 
adjustment to the degrees of freedom associated with 
each F-test to 1 and 5 and hence, relative to the 
uncorrected test, a larger critical value (6.61) was re- 
quired. In each instance statistical significance was main- 
tained at P ~ 0.05. A clarification of the source of these 
significant differences was achieved by analyses based 
upon individual pair-wi,;e t-tests at each of the post- 
exposure periods. Since each such a test was based on the 
variance associated with a single distribution of differ- 
ence scores, with d.f. = 5, these tests were free of the issue 
of heterogeneity of variance. The results showed that 
only comparisons with the prism-adaptation conditions 
were statistically significant at P < 0.05 or better. 
The virtual absence of effect for the condition of 
sustained voluntary vergence in light is consistent with 
Carter's (1965) observation of a failure in vergence 
adaptation with high levels of diplopia, despite the 
presence of large retinal disparities. Although separate 
ANOVA of the non-prism conditions howed no signifi- 
cant differences, ome of the changes in vergence resting 
level, marked by an asterisk in Fig. 4, were, by individual 
t-tests, significantly different from zero. These suggest 
the presence of a small adaptive effect of voluntary 
vergence. 
Experiment 2
Phenomenology. A highly consistent report of all 
subjects was the great loss of certainty that their eyes 
remained in a highly converged posture. This report was 
typical of all subjects after about 2 min of voluntary 
vergence in darkness, when subjects frequently reported 
that they did not know where their eyes were pointing. 
Nevertheless all were capable of increasing vergence in 
response to a prompt such as "keep it up" or "keep 
going" etc. At the end of the session all subjects reported 
a sense of relief, but none provided any indication 
of asthenopic symptoms, despite the atypically high 
vergence amplitudes they maintained. 
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t-test at P < 0.05. 
Vergence-pupil s ze relationships. Shown in Fig. 5 for 
each subject is a plot of pupil diameter (mm) against 
voluntary vergence in prism diopters (a). Measures from 
video frames include those taken before and immediately 
after the request o commence verging, shortly after the 
signal to relax, and at 1 min intervals in between. The 
relatively high linear regression R2 values exhibited by 
most subjects is all the more remarkable when note is 
taken of the positive influence of dark adaptation on the 
rate of pupillary dilation (Alpern & Campbell, 1963). 
Thus despite this background factor vergence accounted 
for between 36% and 83% of the variance in pupil 
diameter. If it is assumed that voluntary vergence drives 
the pupillary response, then the slopes of the functions 
in Fig. 5 represent the gain of that system, which in the 
present sample varied from 0.019 to 0.041 mm/A. Of 
course it is conceivable that voluntary accommodation 
drives both vergence and pupillary responses (Eskridge, 
1971; McLin & Schor, 1988), even though, as recent 
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F IGURE 7. Pupil diameter as a function of voluntary vergence 
magnitude, Expt 3. Best fit linear function is shown along with 
proportion of variance accounted for (R2). 
studies (Phillips, Winn & Gilmartin, 1992; Stakenburg, 
1991) have shown, changes in accommodative d mand, 
and associated reflex-accommodation responses, that 
occur with careful target-image alignment, are not 
sufficient to produce corresponding changes in pupil 
size. 
During the 8 min voluntary vergence period subjects 
averaged 83.74 A(SE 4.21). Individual averages are rep- 
resented in Table 1 along with other individual par- 
ameters. Although subjects varied in the stability with 
which their vergence was maintained in the dark, as 
reflected in the SDs, it is clear that large vergence 
amplitudes were present during the 8 min period. 
Three types of sustained vergence. Figure 6 represents 
the effects of three types of vergence on the resting level 
TABLE 1. Mean (M) and standard eviation (SD) of nine measures of voluntary vergence (vv) during 
8 min of sustained vergence for each subject of Expt 2 
w p) 
Subject M SD pd/vv (mm/A) Near point (D) AC/A (A/D) AC (A) 
KC 71.74 23.50 0.026 -6 .00  6/1 36.0 
GP 87.03 15.42 0.019 - 10.625 6/I 63.8 
JC 94.74 9.57 0.041 -8.125 4/1 32.5 
NK 88.79 8.07 0.035 -5.500 4/1 22.0 
DS 76.40 12.64 0.039 -8.625 3/1 25.9 
Also shown are change in pupil diameter (pd) per unit change in w;  near point of accommodation; 
AC/A ratio; and AC at NP. 
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of the vergence systera. Pre-exposure scores under 
the three conditions did not differ significantly, 
F(2,8) = 2.01, P > 0.05, .and averaged 6.13 a (SE 0.62). A 
repeated measurements, wo-factor ANOVA of post 
minus pre-shift scores showed that the three vergence 
conditions varied significantly among each other, 
F(2,8) = 8.64, P < 0.01 but neither the post-exposure 
factor nor its interaction with vergence condition was 
significant. As Fig. 6 suggests, only those comparisons 
involving the dispar~ty-vergence condition were 
statistically significant, e.g. F(1,4)= 10.51, P <0.05 
and F(1,4)= 11.54, P <0.05 for comparisons with 
accommodative vergence and voluntary vergence 
respectively. Furthermore, as indicated by the asterisks, 
individual t-tests howed that only the prism adaptation 
condition yielded significant shifts in RV. Likewise, 
only this condition showed a significant drop in 
adaptive response with time in darkness, F(2,8) = 3.90, 
P <0.05. The results thus are consistent with the 
low level of effect found in Expt 1, although in the 
present case no significant adaptive shift in vergence 
resting level was found after sustained high levels of 
voluntary vergence. It is noteworthy that the same set 
of subjects exhibited significant adaptive shifts after 
exposure to 24 A base-out prisms, thereby displaying 
their adaptive capability. From Table 1 it also may 
be seen that sustained[ accommodative convergence 
failed to yield significant adaptive ffects even though 
vergence l vels averaged 36.04 a(SE 7.36), thus consider- 
ably exceeding that reached during the disparity- 
vergence condition. 
Experiment 3
Vergence-pupil s ze relationships. Pupil diameter as a 
function of convergence magnitude is represented separ- 
ately for each subject in Fig. 7. All five subjects howed 
evidence of a reciprocal relationship between pupil diam- 
eter and convergence l vel, but the strength of this 
relationship, as evidenced by the R 2 values associated 
with the fitted functions, varied considerably across 
subjects. The slopes, interpreted as gain of the pupil 
voluntary vergence relationship, varied from 0.023 to 
0.034 mm/a and were of the same order of magnitude as 
those of Expt 2. On average, subjects maintained 93.91 ~ 
of voluntary vergence (SE 4.79) during the 8 min sus- 
tained vergence period. Although accommodation was 
not directly monitored in the same interval as vergence, 
the presence of high accommodative l vels may be 
inferred from static retinoscopy performed on four of 
the five subjects during voluntary vergence after the 
experiment was completed. These measures, in compari- 
son with those taken while focusing on a 20 ft distant 
target, showed a significant increase in accommodation 
of 5.63 D under the voluntary vergence condition, 
t(3) = 5.61, P < 0.05. Therefore, it is likely that high 
levels of accommodation also were present during volun- 
tary vergence in the experiment proper. This result is in 
accord with published accounts of highly correlated 
vergence and accommodation responses in human 
(McLin & Schor, 1988; Eskridge, 1971) and monkey 
(Gnadt, 1992) subjects under conditions of voluntary 
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control. Furthermore, reduction in pupillary diameter 
has been observed previously to accompany voluntary 
accommodation (Provine & Enoch, 1975). Thus there is 
little room for doubt that the enhanced levels of vergence 
and pupillary constriction, as recorded herein, were 
accompanied by correspondingly high levels of accom- 
modation. 
Effects of three accommodative conditions on accom- 
modative resting level. Figure 8 represents he changes in 
RF at 0, 8, 16, and 24 min after cessation of the 8 min 
induction period. Sustained monocular focusing at NP 
produced shifts in accommodative r sting level that by 
individual t-tests were significantly different from zero at 
all test periods, while after voluntary vergence none 
of the means differed significantly from zero, and 
two were counteradaptive in direction. Under the con- 
dition of exposure to a - 6.0 D lens, although all means 
were in the adaptive direction, only two were signifi- 
cantly different from zero. As might be expected, an 
omnibus repeated measurements ANOVA showed that 
overall there was a significant effect of conditions, 
F(2,8) = 7.44, P < 0.05. Based upon repeated measure- 
ments ANOVA, comparisons among conditions, taken 
two at a time, showed a significant difference between 
the sustained-focus condition and that of voluntary 
vergence, F(1,4) = 14.37, P < 0.01, as well as a signifi- 
cant interaction effect with exposure-test interval, 
F(3,12) = 3.83, P < 0.05. Apparently, sustained focus on 
a visible target produced significantly greater changes in 
RF than did the voluntary vergence condition and the 
changes increased with elapsed time in the dark. Sus- 
tained focus did not differ significantly from the -6 .0  D 
lens condition, F(1,4)= 1.48, P > 0.05, and the latter 
just missed significance in comparison with the voluntary 
vergence condition, F(1,4)= 5.54, P = 0.06. 
Replication study 
Shown in the top row of Fig. 9 are the changes in RF 
after sustained vergence in the dark for four of the 
original five subjects who repeated the voluntary ver- 
gence condition of Expt 3. Only the initial post-test 
showed a significant effect, t (3)= 6.14, P <0.05. The 
data thus suggest a significant but transient shift in RF 
after sustained voluntary vergence. 
Experiment 3a 
The independence of RF adaptation after voluntary 
vergence and sustained focusing. The mean pre-exposure 
resting levels averaged over all eight subjects were 
-2 .89D (SE 0.74) and -3 .08D (SE 0.96) for the 
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sustained focus and vohmtary vergence conditions re- 
spectively. These were not significantly different and 
were highly and significantly correlated, r =0.934, 
P < 0.01, attesting to the RF as a reliable parameter of 
individual differences. This was not true of the post- 
exposure shifts in RF which showed only low and 
non-significant cross condition, correlations of 0.295, 
-0.431, -0.176, and --0.299 after initial, 8, 16, and 
24 min tests respectively. Thus performance after sus- 
tained focusing seems to be independent ofperformance 
after voluntary vergence. 
A more direct test of tlais relationship was carried out 
by examining accommodative shifts after selecting sub- 
jects for high and low adaptive capability as measured 
on the sustained focusing task. There were four subjects 
who, relative to pre-exposure resting levels, showed 
increased RF scores on all four post-exposure t sts. 
These formed the high adaptor group; the remaining 
four, the low adaptor group. A mixed model (2 
groups × 4 post tests) ANOVA showed the selection 
procedure to be successful since the groups differed 
significantly after sustained focusing, F(1,6)= 12.89, 
P < 0.01, with the high adaptor group averaging about 
0.90 D greater shift over all. In contrast, the same two 
groups of subjects showed no significant differences in 
adaptive shift after the voluntary vergence condition, 
F(1,6)=0.01, P >0.05. Thus adaptive capability as 
measured after the sustained focusing task is not predic- 
tive of performance after voluntary vergence. 
A comparison of RF data (repeated measurements 
ANOVA) for the high adaptor group under voluntary 
vergence and sustained focusing, shown in the bottom 
two panels of Fig. 9, revealed a significantly greater 
adaptation effect for the sustained focusing condition, 
F(1,3) = 16.08, P < 0.05. This occurred even though the 
level of accommodation u der the two conditions may 
be inferred to have been equivalent. To examine this, 
refractions based on static retinoscopy were taken at 
distance and compared with refractions taken with eyes 
verged. Results showed an increase under vergence of 
8.94 D (SE 1.11). The comparable increase in accommo- 
dation for the near-point target in relation to the far 
point under sustained focusing conditions, was 7.31 D 
(SE 0.888) and the two did not differ significantly, 
t(3) = 2.162, P > 0.05. T]~us it is unlikely that the failure 
to exhibit significant adaptive shifts in accommodative 
RF after voluntary vergence is due to insufficient 
levels of accommodation during the period of sustained 
vergence. 
Separate processes appear to characterize the af- 
tereffects of voluntary vergence and sustained focusing. 
Although no significant shifts in RF occurred after 
voluntary vergence, all shifts were in the adaptive direc- 
tion. This suggests that for reliable adaptive shifts to be 
in evidence after voluntary vergence, greater sample sizes 
than those necessary for significant effects after sustained 
focusing would be required. Thus the pattern of adaptive 
shifts differs between the voluntary vergence and sus- 
tained focusing conditions. Further support for separate 
processes is suggested by the observation i  all cases 
presented for the trend of adaptation in the post- 
exposure period to rise after sustained focusing, but to 
decrease after voluntary vergence. 
Vergence-pupil size relationships. These relationships 
were analyzed as previously. The four subjects elected 
as high adaptors averaged 66.36 a(SE 13.06) of vergence 
over the 8 min voluntary vergence period. As previously 
shown, all subjects evidenced a strong linear elationship 
between voluntary vergence magnitude and pupillary 
diameter. 
DISCUSSION 
Are visual error signals necessary for adaptation? 
In the absence of a visual error signal high levels of 
sustained voluntary vergence produced only marginal 
levels of vergence adaptation i Expt 1 and none in Expt 
2. Since subjects in both experiments evidenced the 
capability of significantly adapting their disparity ver- 
gence systems, it cannot be claimed that they were 
deficient in this respect. A similar argument may be 
adduced concerning the failure to find accommodative 
adaptation after the voluntary vergence condition in the 
absence of visual stimulation i Expts 3 and 3a, since the 
same subjects evidenced accommodative adaptation 
after sustained focusing. 
The single instance of a significant adaptive shift in 
accommodation after voluntary vergence occurred in the 
partial replication of Expt 3, but the effect rapidly 
decayed after the initial post-test. It appears therefore 
that adaptation both of accommodation a d conver- 
gence, in the absence of visual input, produces effects 
that are relatively confined in amplitude and subject o 
rapid decay. A visual error signal thus emerges as the 
critical feature necessary to obtain reliable and lasting 
adaptation of both the vergence and accommodation 
resting levels, but, as the marginal effects demonstrate, 
it is not a necessary condition for adaptation. This result 
is analogous to the adaptive gain reduction found after 
many hours of VOR retraining in darkness (Melvill 
Jones et al., 1984) in the absence of retinal slip signals. 
If training time is an important variable for these purely 
motor adaptations, then sustained voluntary vergence 
and accommodation extending beyond the 8 min period 
of the present study would prove to be yet more 
efficacious. 
Voluntary accommodation and the near triad 
Recently evidence has been provided that, under 
voluntary conditions, the ratio of accommodative con- 
vergence to accommodation, i.e.AC/A, closely matches 
the same ratio derived from blur-driven, or reflex, ac- 
commodation. On the other hand, the ratio of conver- 
gent accommodation to convergence, i.e. CA/C, fails to 
match under the two conditions (Gnadt, 1992; McLin & 
Schor, 1988). Thus it is likely that the voluntary vergence 
condition of the present studies more accurately rep- 
resents convergence driven by voluntary accommo- 
dation. It follows that the linear relation previously 
described as being between pupil size and vergence 
actually represents a voluntary accommodation-pupil 
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size function. Accordingly, these results verify that vol- 
untary accommodation is sufficient o cause pupillary 
contraction (Provine & Enoch, 1975). There is evidence 
that reflex accommodation is not sufficient for pupil 
contraction (Phillips et al., 1992; Stakenburg, 1991), 
while the present results show that neither is it a 
necessary condition. Furthermore, since fusional ver- 
gence is without effect (Jones, 1989), a voluntary accom- 
modation signal may represent the primary drive for the 
near triad response. 
The location o f  the voluntary accommodation control 
signal 
There is evidence that aspects of the dynamics of 
reflex, i.e. blur-driven, and voluntary accommodation, 
such as the relation of peak velocity to amplitude 
(Ciuffreda & Kruger, 1988), are quite similar, suggesting 
overlap in the underlying neural control systems. Grant- 
ing this premise, the question arises as to the location in 
the control loop where the voluntary signal enters. If it 
is further assumed that the voluntary signal drives 
primarily accommodation and indirectly accommoda- 
tive vergence (McLin & Schor, 1988; Eskridge, 1971), 
then it may be concluded, as shown by the results of 
Expts 1 and 2, that both voluntary and reflex accommo- 
dative vergence produced little or no vergence adap- 
tation. Likewise, as evidenced in Expts 3 and 3a, 
voluntary accommodative vergence yielded either no sig- 
nificant accommodative adaptation or only transitory 
effects as in the replication of Expt 3. It follows that the 
voluntary signal enters the control loop at a point 
beyond the site of the adaptive lements but prior to the 
cross links. 
A model satisfying these requirements, modified after 
Fig. 1, is represented in Fig. 10. Since the voluntary 
signal enters after the adaptive lement, labeled "tonus 
control", no adaptation from voluntary innervation is 
possible. Nor is adaptation to be expected from the 
cross-links when the targeted channel is open looped. 
Consistent with previous results, under closed loop 
conditions, this arrangement (Fig. 10) predicts decreased 
vergence adaptation with increasing accommodative- 
vergence input, and decreased accommodative adap- 
tation in response to increasing vergence-induced 
accommodation. Both outcomes have been realized 
(Ebenholtz & Fisher, 1982; Rosenfield & Gilmartin, 
1988b). The model also is consistent with the failure in 
Expt 2 to show adaptation of vergence after sustained 
accommodation, a result also found by Schor (1979) for 
5 sec and 1 min exposure times. But Schor (1986) has 
provided evidence for adaptation via cross-link stimu- 
lation after 2 min of sustained accommodative rgence; 
hence an unresolved empirical conflict exists as to 
whether the crosslinks enter prior to the adaptive el- 
ements or are represented downstream therefrom. The 
solution may lie in the existence of two types of adaptive 
elements, one, long term and visually driven, the other, 
short term and purely motor, distinguished in terms of 
their time constants and other system characteristics. 
Short term effects may be related more to local events at 
neuromuscular junctions than to brain processes in 
neural control loops associated with long-term adap- 
tation. Much of the data reported by Schor (1986) 
pertained to adaptive states that decayed to initial 
resting level within 1-1.5 rain. In contrast, the present 
studies reported on aftereffects hat were first measured 
only about 1.5 min after the period of sustained focus or 
vergence had been terminated. Furthermore, exposure 
times in Schor's (1986) studies varied from a few seconds 
to 2 min, in contrast with the 8 min periods of the 
present studies. This may be of significance since it is not 
now known whether exposure time influences adaptive 
states simply by slowing decay time, or if certain other 
characteristics of the phenomena are also thereby 
altered. 
The present results indicate that long-term adaptation 
does not occur as a result of purely motor-driven, 
sustained voluntary accommodation and convergence, 
nor does vergence adapt long term, after sustained 
cross-link accommodative vergence brought about by 
monocular NP focusing. These results, therefore, sup- 
port the placement of the voluntary signal prior to the 
cross-links, but beyond the site of the visually-driven 
adaptive lement. 
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